THE ORIGIN OF THE SPECIES {#sec1}
=========================

Whipworms are intestinal dwelling nematode parasites of mammals. With a distinctive morphology comprising a long thin anterior end -- the stichosome -- which embeds in the gut epithelial cells of its host, and a bulbous posterior end, the generic name for all whipworm species is *Trichuris* or 'hair tail'. The name *Trichuris* was applied by Roederer in 1761, mistakenly identifying the thread-like head end of the parasite as the tail. There are over 70 species of *Trichuris* recognized, including parasites of medical, veterinary and scientific interest. The human whipworm is one of man\'s 'heirloom parasites' with man and worm co-evolving together. Evidence of an association between whipworm and ancient man dates back over 6000 years with whipworm eggs found in ancient archaeological sites of both the Old and New World (Araujo *et al.* [@ref3]). We focus here on over half a century of research using *Trichuris muris* in the mouse. We reflect on the early pioneering studies and interesting interpretations of datasets made in the absence of a clear understanding of the cellular immune responses to infection. We define milestones in *Trichuris* research (summarized in [Fig. 1](#fig01){ref-type="fig"}), as our understanding of immunology was revolutionized by the concept of T helper cell subsets. Fig. 1.Milestones in *T. muris* research. The timeline shows an overview of some of the key research papers that have been published on *T. muris* throughout the years.

The early studies on *Trichuris* infections in mice were conducted by parasitologists interested in studying the parasite, its life cycle and parasite biology. Later, *T. muris* infections in the laboratory mouse were used by parasite immunologists to understand host--parasite interactions at an immunological level, with a long-term vision of developing vaccines to promote resistance to infection. Basic immunologists also recognized the usefulness of gut-dwelling worm infections as tools to probe the immune system, exploring more fundamental immunological questions. Recently, there has been a return to understanding parasite biology and the functions of parasite molecules. This resurgence reflects both the lack of lead antigens to include in vaccines, and an interest in identifying parasite immunomodulatory molecules that may have therapeutic potential for inflammatory diseases of the developed world.

From a parasitological point of view, the life cycle of the *Trichuris* species of parasite took many years to describe accurately. An understanding of embryonation of *Trichuris* spp. eggs dates back to Davaine ([@ref30]) with Fahmy ([@ref45]) including a definition of the conditions required for successful development of the first larval stage within the egg (Davaine, [@ref30]; Fahmy, [@ref45]). These observations have relevance today, with laboratories around the world that maintain the *Trichuris* life cycle discovering by chance that slightly acidic water impairs embryonation and results in failed egg cultures. There were early misconceptions about the life cycle, including descriptions of migratory phases, before Fahmy ([@ref45]) detailed a more precise direct life cycle including two larval moults and fecund adult parasites emerging around day 34 (Fahmy, [@ref45]). The full series of larval moults from L1--L4 -- adult were not finally defined until the 1980s (Panesar, [@ref88]) ([Fig. 2](#fig02){ref-type="fig"}). Fig. 2.Development of the *T. muris* life cycle; from its initial documentation to our modern understanding. The left panel shows drawings taken from Fahmy *et al.* (1954) where the life cycle of *T. muris* was initially described. Originally, only two moults were thought to occur, however, the right panel shows our current understanding, based on the life cycle defined by Panesar ([@ref88]). Thus *T. muris* goes through the four classical larval moults of nematodes to reach adulthood. The similarities between the two life cycles are highlighted. Scanning electron microscope images were taken at the University of Manchester.

GROWING CONCEPTS: FROM 'non-responders' to t cell driven susceptibility and resistance {#sec2}
======================================================================================

*Trichuris muris* in the mouse represents a powerful tool with which to explore host--parasite interactions and the immune response to infection. Over the years it has also become an important model for probing the immune system as the parasitic infection delivers antigen to the mucosa in a physiologically relevant manner. Thus *T. muris* in the mouse has contributed significantly to our understanding of basic immunological principles. One of the strengths of the model system lies in the variation in outcome of infection seen when different strains of mouse are infected. Shikhobalova ([@ref102]), Fahmy ([@ref45]) and Pike ([@ref93]) noted that patent adult worm infections could be established in albino mice (Shikhobalova, [@ref102]; Fahmy, [@ref45]; Pike, [@ref93]). In contrast, Keeling ([@ref67]), Worley *et al.* ([@ref118]) and Campbell and Collette ([@ref24]) reported individual variation in the outcome of infection in that parasites were carried to patency in only some individuals and could not develop to the adult stage in others (Keeling, [@ref67]; Campbell and Collette, [@ref24]; Worley *et al.* [@ref118]). At this stage whether the inability to recover parasites from an infected host represented resistance or 'insusceptibility' i.e. an incompatibility between the parasite and host environment was unclear. However, Campbell ([@ref23]) added clarity to this issue by conducting experiments where the loss of worms from the Sharp and Dohme albino mouse strain could be prevented by administration of the immunosuppressant cortisone (Campbell, [@ref23]). Thus, the inability of worms to mature was not due to insusceptibility, but rather represented an active elimination of the parasites by the host prior to the development of the adult stage: the role of the immune response in resistance to infection was established. Building on these observations, Wakelin ([@ref111]) described acquired immunity to infection in the outbred Schofield strain of mouse (Wakelin, [@ref111]). In these experiments most individual mice expelled the infection and were thereafter immune to subsequent infections. However, up to 30% of mice failed to expel the primary infection and were susceptible to further infections. Importantly, as observed by Campbell ([@ref23]), administration of cortisone suppressed the development of immunity. Wakelin ([@ref112], [@ref113]) went on to describe acquired immunity to infection in an number of different strains of mouse, the outbred Schofield, CFW, TO, TF1 and VS/MD and the inbred mouse strain A (Wakelin, [@ref112], [@ref113]). Whilst all the outbred mouse strains had similar proportions of individuals unable to eliminate the infection, only the inbred mouse strain was uniformly resistant to infection. As before, the use of cortisone enabled patent infections to establish in all mice. At this stage it was troubling to understand the mechanism by which cortisone mediated its effects: did treatment inactivate immunity at a key stage in the parasite\'s life cycle? Was immunity delayed enabling larval stages of the parasite to develop which were not susceptible to immune attack? Did cortisone treatment during infection induce a state of immunological unresponsiveness to the parasite? The hypothesis of unresponsiveness was taken forward, given the fit with the additional observation that not only was there no effective primary immune response to infection after cortisone treatment, but there was also a failure to eliminate second infections.

The use of a variety of different mouse strains in these experiments also enabled Wakelin ([@ref112]) to introduce the fundamentally important concept of genetic variation in immunity to infection which was later developed through the use of H-2 congenic and H-2 recombinant mouse strains (Else and Wakelin, [@ref38], [@ref38], [@ref40]; Else *et al.* [@ref42]). Both major histocompatibility complex linked genes and background genes were shown to contribute to immunity to infection, with the strongest influences denoted by the latter. Although host genetics clearly imparts a significant influence over resistance or susceptibility to infection, a parasite-induced influence is also clear, evidenced by the curious phenomenon of differential responsiveness within a genetically uniform strain of mouse (Lee and Wakelin, [@ref74]). Differential responsiveness was thought to be a parasite-induced property with the later larval stages of the parasite hypothesized to be immunosuppressive. Using drug abbreviation and challenge infections, the ideas of Lee and Wakelin ([@ref74]) were further developed (Else *et al.* [@ref41]), although the mechanism of parasite-induced immunomodulation remains unclear even today. Moving through the 1970s and 1980s, the idea that different inbred strains of mouse could be described as 'responders' or 'non-responders' gained popularity, and the underlying components of immune responses to infection studied in detail.

Using passive transfer and adoptive transfer methodologies Selby and Wakelin ([@ref101]) showed that both lymphoid cells and serum from immunized mice conferred recipient mice with an enhanced resistance to infection. Serum from immunized mice transferred varying degrees of protection but only if given at the time of infection (Selby and Wakelin, [@ref101]). Interestingly, if the recipient mouse was immunosuppressed, serum transfer had no effect, implying the need for a cellular component within the recipient to interact with the transferred antibody to mediate expulsion (Wakelin, [@ref115]). Surprisingly, serum from cortisone treated mice was also shown to transfer immunity at levels equivalent to immune sera (Lee and Wakelin, [@ref74]). Lee *et al.* ([@ref75]) focused attention specifically on T cells, using the methodologies of the time (nylon wool columns) to enrich mesenteric lymph node cells into non-adherent T cells or adherent B cells. These experiments implicated T cells as being central in mediating worm expulsion: T cell-enriched fractions transferred immunity whilst B cell-enriched populations did not (Lee *et al.* [@ref75]). Ito, in 1991, furthered this understanding describing the failure of athymic nude mice to expel *T. muris* and Koyama *et al.* ([@ref72]) showed a failure of mice to expel after CD4^+^ T cell depletion (Ito, [@ref62]; Koyama *et al.* [@ref72]). If the T cell dependency of immunity to infection was now established, exactly how worms were expelled from the gut remained unclear. Lee *et al.* ([@ref75]) described the lack of any gross inflammation accompanying worm expulsion and suggested that the intimate association *T. muris* has with its host meant that the parasite would be vulnerable to direct effects of intraepithelial lymphocytes, as opposed to pro-inflammatory effector cells such as the mast cell. It was over two decades later before examples of contributing effector mechanisms were more precisely described.

THE CYTOKINE ERA {#sec3}
================

The mid-90s saw the beginning of investigations into the key cytokine responses underlying immunity to *T. muris* infection. The discovery of T helper cell subsets by (initially Th1 and Th2) by Mosman and Coffman ([@ref83]) revolutionized our understanding of immunity to infection and provided a framework within which to explore resistance and susceptibility to *T. muris* (Mosman and Coffman, [@ref83]). Resistance to *T. muris* infection was strongly linked to the generation of a Th2 immune response, whilst the development of a dominant Th1 response led to host susceptibility and chronic infection (Else *et al.* [@ref44]). Thus, the early concepts of the 1970s and 1980s, suggesting that strains of mouse that fail to clear their infection are 'not responding' was revised with the discovery that 'non-responder' mouse strains actually make very profound immune responses, but of the wrong type to expel the parasite (Else and Grencis, [@ref37]). With the cellular framework of Th1 and Th2 in place, the cortisone studies of the 1960s were also reinterpreted. A single dose of cortisone did not facilitate the development of immunological unresponsiveness, but rather cortisone treatment in a primary infection enabled the parasite to survive to a stage where it facilitated the development of a Th1 response. Thus, susceptibility to secondary infections would not be surprising if Th1 memory is maintained upon a challenge infection.

Initially, research focused on the key Th2 cytokine, IL-4; using anti-IL-4 receptor monoclonal antibodies (Else *et al.* [@ref44]) and later, IL-4 knockout mice (Bancroft *et al.* [@ref12]) this cytokine was shown to be essential for the development of a Th2 response and thus, resistance to *T. muris*. Furthermore, it was discovered that exogenous IL-4 could be used to induce resistance in susceptible mice, even if given after establishment of the parasite (Else *et al.* [@ref44]). However, the fact that female BALB/c IL-4 knockout mice were still able to expel the parasite suggested that resistance does not completely depend on IL-4 (Bancroft *et al.* [@ref13]). Bancroft *et al.* ([@ref13]) ascertained that expulsion in these mice was driven by IL-13, as *in vivo* blocking of this cytokine induced susceptibility. Moreover, the administration of exogenous recombinant IL-13 to male IL-4 knockout BALB/c mice reversed their susceptible phenotype (Bancroft *et al.* [@ref13]). IL-13 null mice were also susceptible to infection with *T. muris*, despite developing a strong Th2 response, whereas IL-4 receptor-*α* null mice (mice lacking the common signalling receptor for both IL-4 and IL-13) generated a Th1 response and were susceptible (Bancroft *et al.* [@ref12]). These findings suggest that IL-4, not IL-13, is required for the development of a parasite-specific Th2 response, with IL-13 being fundamental to the resolution of a *T. muris* infection and functioning downstream of the Th2 response to induce expulsion.

Early work also investigated the opposing Th1 cytokines IFN-*γ* and IL-12. Primarily, the key Th1 cytokine, IFN-*γ*, was shown to be strongly associated with susceptibility (Else *et al.* [@ref43]), and depletion of this cytokine induced resistance in susceptible mice (Else *et al.* [@ref44]). Administration of the Th1-promoting cytokine, IL-12 (D\'Andrea *et al.* [@ref28]), was able to switch a normally resistance phenotype to a susceptible one (Bancroft *et al.* [@ref11]), however, concurrently depleting IFN-*γ* in these mice prevented the induction of susceptibility. These findings suggested that IL-12 induced chronicity is IFN-*γ*-dependent (Bancroft *et al.* [@ref11]).

As more cytokines were discovered, and transgenic mice developed to explore the impact of each, the simple paradigm revolving around IL-4/IL-13/Th2 and resistance, and IFN-*γ*/Th1 and susceptibility was challenged and new models evolved integrating multiple cytokine networks. For example, *in vivo* blocking of the pro-inflammatory cytokine TNF-*α* in resistant C57BL/6 mice resulted in failure to expel the parasite, even in the presence of an on-going Th2 immune response. Additionally, the same treatment in female BALB/c IL-4 knockout mice, which require IL-13 for resistance, also induced susceptibility. These findings lead to the conclusion that TNF-*α* driven IL-13 is essential for expulsion of *T. muris* (Artis *et al.* [@ref5]). Knocking out TNF-*α* receptors, p55 and p57, produced a susceptible phenotype which further highlights a critical role for TNF-*α* (Hayes *et al.* [@ref53]). This work helped to evolve the model of resistance by incorporating IL-4, IL-13 and TNF-*α*. Indeed, Artis *et al.* ([@ref5]) suggested that IL-4 and IL-13 regulate TNFR expression locally in the gut (Artis *et al.* [@ref5]). However, more recent work by Hayes *et al*. ([@ref53], [@ref54]) has presented a more general role for TNF-*α*, as exogenous application of a recombinant form of this cytokine was able to augment both Th1 and Th2 parasitic-specific immune responses (Hayes *et al.* [@ref54]).

IL-10, originally thought of as a Th2 cytokine, but now identified as an anti-inflammatory cytokine made by multiple cell types, including T regulatory cells, Th1 cells, B cells and macrophages, has also been implicated in resistance to *T. muris* infection. Both IL-10 and IL-10/IL-4 knockout mice suffer from a severe IFN-*γ*-driven colitis-like pathology, develop Th1 immune responses and are susceptible to *T. muris* infection. In contrast, however, double IL-10/IL-12-deficient mice develop Th2 immune responses and are completely resistant to *T. muris*, suggesting that the profound intestinal inflammation that develops in the absence of IL-10 is dependent on IL-12. Moreover, the administration of a broad-spectrum antibiotic in *T. muris*-infected IL-10/IL-4-deficient mice prevented pathology and enhanced survival of the mice, suggesting that an unregulated Th1 response to commensal bacteria was responsible (Schopf *et al.* [@ref100]). Taking the work of Schopf *et al.* further, the importance of IL-13 in the severe phenotype of the *T. muris*-infected IL-10-deficient mouse was explored. Thus Wilson *et al.* ([@ref117]) identified a critical role for the IL-13 decoy receptor (IL-13Ra2) in permitting the severe gut inflammation observed post *T. muris* infection, via its ability to attenuate IL-13 activity, enabling the heightened IFN-*γ* driven inflammation (Wilson *et al.* [@ref117]).

IL-27 has clear structural homology to IL-12, and, in common with this cytokine, is produced by APCs and is able to induce IFN-*γ* production from naïve T cells (Pflanz *et al.* [@ref90]). Knocking out the major IL-27 signalling complex (WSX-1), which is mainly found on CD4^+^ T cells, demonstrated a role for IL-27 in the generation of Th1 responses during *T. muris* infection. Thus, WSX-1 null mice did not mount a Th1 response to *T. muris*, and instead developed Th2 driven immunity associated with increased numbers of CD4^+^IL-4^+^ T cells and reduced numbers of antigen-stimulated IFN-*γ*-producing T cells (Bancroft *et al.* [@ref14]). Furthermore, it appeared that the inhibition of Th1 development is upstream of IL-12, as the administration of exogenous recombinant IL-12 to the same mice failed to restore the susceptible phenotype of wild-type mice (Bancroft *et al.* [@ref14]). Interestingly, IL-27 has also been shown to regulate Th1 responses and the production of IFN-*γ*, as WSX-1 knockout mice infected with the potent inducer of Th1 responses, *Toxoplasma gondii*, display unregulated IFN-*γ* production and the development of a lethal, T-cell driven inflammatory disease (Villarino *et al.* [@ref110]). Thus, IL-27 signalling through WSX-1 is able to both regulate and initiate Th1 and Th2 responses.

Other cytokines have also been linked with susceptibility to *T. muris* infection. IL-18 shares many similarities with IL-12 and can also increase IFN-*γ* production (Ahn *et al.* [@ref1]). However, in the context of *T. muris* infection, recombinant IL-18 induced susceptibility in resistant mice via the downregulation of IL-4 and IL-13, while IFN-*γ* levels remained unaltered. These findings were reproduced in IFN-*γ* knockout mice, providing compelling evidence that IL-18 is not an inducer of IFN-*γ*, but rather a regulator of Th2 responses (Helmby *et al.* [@ref57]).

Chemokines, or chemoattractive cytokines, are responsible for guiding the migration of activated effector cells to sites of infection or inflammation, and thus deficiencies in chemokines might predict differences in resistance to *T. muris*. Indeed mice deficient in CCL2, a monocyte chemoattractant fail to expel the parasite (deSchoolmeester *et al.* [@ref33]). However, given the ability of CCL2 to influence the quality of the T helper cell response, there remains a lack of clarity around whether the susceptibility of the CCL2 knockout mouse reflects an impaired leukocyte recruitment to the worm niche, or the development of a dominant Th1 response.

The homing of lymphocytes to mucosal sites is thought to mainly depend on the interaction of *α*4*β*7-integrin on T cells with mucosal adhesion molecule 1 (MAdCAM-1). A more specific targeting to either the small or large intestine has been linked to the expression of CCR9 on T cells and CCL25 on epithelial cells, or mucosal epithelial chemokine (CCL28), respectively (Else, [@ref35]). Surprisingly, the number of T cells infiltrating the gut of infected *β*7-null mice is not significantly different to that seen in wild-type controls, with *β*7-null mice remaining resistant to *T. muris*, perhaps due to compensation by other integrins (Artis *et al.* [@ref7]). Moreover, using antibodies to block the *α*4*β*7-MAdCAM-1 interaction also had no effect on resistance of mice (Bell and Else, [@ref17]). In the absence of available *α*4*β*7 and *α*4*β*1, however, mice that are usually resistant became chronically infected with *T. muris* and displayed a Th1-dominated immune response with decreased numbers of infiltrating eosinophils in the caecum (Bell and Else, [@ref17]). These results suggest that when *α*4*β*7 is not available, *α*4*β*1 is able to aid the recruitment of leukocytes, particularly eosinophils, to the large intestine.

INVESTIGATING THE IMPORTANCE OF INFECTION LEVEL {#sec4}
===============================================

The clear associations between Th1-mediated susceptibility and Th2-mediated resistance were discovered in the context of a single high-dose infection. However, work from the 1970s had already established important differences in the outcome of infection according to the number of eggs given. Wakelin ([@ref114]) showed that patent infections develop from less than 15 eggs, but that repeated trickle infection of 10 or 5 eggs given daily for around 2 weeks elicited protective immunity (Wakelin, [@ref114]). Behnke and Wakelin ([@ref15]) developed this work further, reporting survival of low-level infections in both outbred laboratory CFLP mice and wild field mice (Behnke and Wakelin, [@ref15]). Building on this basis, the cytokine profiles associated with a low-dose infection were defined (Bancroft *et al.* [@ref10]) and describe strong Th1 responses in the absence of worm expulsion. The use of low-level *T. muris* infections to establish chronic infections in otherwise resistant hosts has become an increasingly important tool in recent years, with the availability of a wide range of transgenic mice on a C57BL6 background. Normally resistant to infection, C57BL6 mice can be made susceptible by the delivery of low-dose infections, thus enabling a dissection of factors important in resistance (high dose) and susceptibility (low dose) in the same mouse strain. For example, using the Th1-associated low-dose protocol in IL-12 knockout mice further confirmed the role of IL-12 in a Th1 response, as these mice expelled *T. muris* unlike wild-type controls (Helmby *et al.* [@ref57]).

THE ISOLATES OF *T. MURIS* {#sec5}
==========================

Exploring worm infections in wild mice has given the scientific community insights into how parasites build up in their host and has also yielded new *T. muris* isolates. Wild mice accumulate worms through repeated low-level 'trickle' infections, generating a typically over-dispersed distribution that is also seen in *Trichuris trichiura*-infected humans (Behnke and Wakelin, [@ref15]). Thus, most mice carry a low-level infection of fecund adults with heavy infections confined to a few individuals. Through work conducted in wild mice different isolates of *T. muris* were discovered (Johnston *et al.* [@ref66]). Without doubt, the best characterized isolate is the Edinburgh or E isolate of *T. muris*. This isolate was recovered from a mouse in Edinburgh zoo in 1964. Many labs maintain the parasite by passaging the worm through immune-deficient or immune-suppressed hosts in order to ensure recovery of fecund adults. Interestingly, such a passage protocol removes any selection pressure on the worm to maintain its own mechanisms of immune-suppression. The discovery of isolates of *Trichuris* brought our understanding of these concepts forward and specifically the Sobreda -- or S isolate -- (Bellaby *et al.* [@ref19]) was shown to be survive in mouse strains which readily expel the E isolate. The survival mechanisms employed by the S isolate were later shown to involve T regulatory cells, with the *in vivo* depletion of T regulatory cells enabling worm expulsion, but at the cost of an exaggerated gut pathology (D\'Elia *et al.* [@ref31]).

CONCURRENT INFECTIONS: THE IMPACT OF POLYPARASITISM ON IMMUNITY TO INFECTION {#sec6}
============================================================================

In the field, polyparasitism is the norm. Despite this knowledge, the majority of studies in laboratory models of parasitic infection focus on single species infections. The concept of concurrent infections, and the impact that one parasite infection might have on another, has however attracted interest. The early work of Phillips *et al.* ([@ref92]) and Phillips and Wakelin ([@ref91]) showed that the ability of mice to expel *T. muris* was significantly compromised if they were also infected with *Plasmodium berghei, Trypanosoma brucei* or *Babesia* (Phillips *et al*. [@ref92]; Phillips and Wakelin, [@ref91]). Jenkins and Behnke ([@ref63]) and Behnke *et al.* ([@ref16]) explored this further in the context of the impact that *Heligmosomoides polygyrus* (formally *Nematospiroides dubius*) infection had on *T. muris* infections revealing that *T. muris* worms were more likely to survive to patency in mice which also had a *H. polygyrus* infection (Jenkins and Behnke, [@ref63]; Behnke *et al.* [@ref16]). Later, and in the context of a growing understanding of the importance of T helper cell polarization, dual infections were also explored in the context of Schistosomes and *Trichuris* (Curry *et al.* [@ref27]). Here, mice normally susceptible to *T. muris* infection were found to expel the parasite if co-infected with *Schistosoma mansoni*, owing to increased Th2 responses (Curry *et al.* [@ref27]). Thus, this later work built upon the observational studies of the 1970s, demonstrating the remarkable influence one parasite can have on the outcome of infection with another, even when they occupy completely different niches within their host.

UNDERSTANDING WORM EXPULSION MECHANISMS {#sec7}
=======================================

Mouse strains that are resistant to *T. muris* usually expel their worm burdens between day 12 and 21 post infection (Blackwell and Else, [@ref21]) and the ability to expel this parasite is known to be directly related to developing a Th2 immune response (Else *et al.* [@ref44]). Following polarization in the local draining lymph nodes (the mesenteric lymph nodes), T cells home to the infected gut where they re-see parasite antigen and secrete the profiles of cytokines that they have been programmed to make at the time of first antigen presentation. Upon re-stimulation with parasite antigen in the gut, Th2 cells secrete cytokines that control local effector cells which enable expulsion of the parasite. IL-4 and IL-13, which act through shared and distinct pathways that are dependent on the type 2 cytokine-associated transcription factor 'signal transducer and activator of transcription 6' (STAT6), appear to be the most critical cytokines for immunity (Madden *et al.* [@ref78]). IL-4 stimulates fluid secretion in the gut, IL-13 promotes goblet cell responses and both cytokines induce smooth muscle contraction (McKenzie *et al.* [@ref80]; Urban *et al.* [@ref108]). However, the effector cells and molecular mechanisms involved in expulsion of the parasite are yet to be fully defined and multiple effector mechanisms likely exist. Given the niche exploited by Trichuris parasites and hence their close relationship with the host intestinal epithelium, it is not surprising that work has focused on the cells, tissues and molecules that are present in this location in the search for, and understanding of, how the parasite is physically expelled from the host.

Effector mechanisms {#sec7-1}
-------------------

The contraction of the smooth muscle that lines the gastrointestinal tract is one possible mechanism that aids expulsion of the *T. muris* parasite (reviewed in Khan and Collins, [@ref68]). It has been demonstrated that the immune system can, in fact, mediate muscle contraction. Thus, mice that lack CD4 and MHC II have decreased muscle hypercontractility in response to *Trichinella spiralis* infection (Vallance *et al.* [@ref109]). Furthermore, muscle tissue incubated with IL-4 or IL-13 resulted in a 33% increase in muscle hypercontractility (Akiho *et al.* [@ref2]). Investigations into muscle hypercontractility in *T. muris* infection have also revealed an increase with infection (Khan *et al.* [@ref69]). Moreover, blocking IL-9 resulted in the attenuation of muscle hypercontractility and, further, inhibited expulsion of the parasite (Khan *et al.* [@ref69]). Therefore, muscle hypercontractility may be an important effector mechanism for expelling *T. muris*.

In 2005, a novel explanation for the expulsion of *T. muris* in resistant animals was proposed. Cliffe *et al.* ([@ref25]), motivated by the fact that chronic intestinal nematode infections cause altered gut architecture, suggested that increased turnover of epithelial cells in the gut may prevent the parasite from remaining embedded within the host. Specifically, *T. muris* infection is associated with enhanced epithelial stem cell proliferation within the crypts of Lieberkühn in the large intestine, which is mediated by IFN-*γ*, and results in a massive crypt hyperplasia (Potten *et al.* [@ref94]). The IFN-*γ*-driven increase in proliferation cannot continue in an unregulated manner, and so *T. muris* infection is also associated with an elevation in apoptosis of epithelial cells in the large intestine. Further complexity in the fine regulation of gut homeostasis is provided by the chemokine CXCL10 which reduces the rate of epithelial cell turnover in a mouse model of colitis (Sasaki *et al.* [@ref98]).

In susceptible animals, e.g. AKR mice, *T. muris* is thought to promote its own survival by inducing the production of IFN-*γ*, which acts to drive epithelial cell proliferation (Artis *et al.* [@ref6]) and also locally induces CXCL10. CXCL10 slows the epithelial turnover, resulting in crypt-cell hyperplasia and an increase in the epithelial niche for the parasite. Further investigations have shown that expression of the enzyme indoleamine 2,3-dioxygenase (IDO) by goblet cells is upregulated during chronic *T. muris* infection, and also by *T. muris* E/S antigens, with IDO slowing epithelial cell turnover and thus promoting worm survival (Bell and Else, [@ref18]). In contrast, resistant mice, e.g. BALB/c mice, counter the nematode by elevating the rate of epithelial cell turnover and displacing the parasite. Increased epithelial cell turnover occurs in an IL-13-dependent manner, as IL-13 knock-out mice on a usually resistant BALB/c genetic background have a slow rate of turnover which resembles susceptible AKR mice (Cliffe *et al.* [@ref25]). The epithelial cell turnover mechanism (coined the 'epithelial escalator') of nematode expulsion has been widely accepted as an effector mechanism in resistance to *T. muris*.

The mucus barrier is the primary defence against invading intestinal pathogens and is composed of products produced by goblet cells in the epithelial lining of the gut. Goblet cell hyperplasia has been linked to the development of a protective Th2 immune response in parasite infections (Bancroft and Grencis, [@ref9]; Else and Finkelman, [@ref36]; Yamauchi *et al.* [@ref119]). Because of this, the roles of goblet cell products, including RELM-*β*, interlectins and mucins, have been extensively investigated in *T. muris* infection. Through microarray analysis of epithelial genes, resistin-like molecule-*β* (RELM*β*) and intelectin-1 and 2 have been found to be upregulated in *T. muris* infection (Datta *et al.* [@ref29]; Artis, [@ref4]). RELM*β* is a small cysteine-rich protein expressed exclusively by goblet cells in the lung and gastro-intestinal tract (Artis *et al.* [@ref8]; Zimmermann *et al.* [@ref121]). RELM*β* interactions with parasites have been proposed to involve binding to chemosensory structures in the nematode cuticle and thus potentially impairing their ability to optimally sense their surroundings, as well as inhibit nematode chemotaxis (Artis *et al.* [@ref8]).

Intelectin-1 is a 120 kDa disulfide-linked homotrimer expressed in the thymus, heart and intestine, although human intelectin-2 is only in the small intestine (Artis, [@ref4]). Both intelectin-1 and intelectin-2 are upregulated in mice genetically resistant to *T. muris* around the time of expulsion. In contrast in susceptible AKR mice no change in their expression has been noted (Datta *et al.* [@ref29]). As intelectins bind galactofuranosyl-containing residues in bacterial cell walls, it is postulated that they may also bind similar carbohydrates in parasitic nematodes, thus impairing worm fitness (Artis, [@ref4]). Additional theories for the role of intelectins in parasite resistance include indirect effects on other mucin glycoproteins secreted by intestinal goblet cells; a cross-linking function which results in the formation of a 'glycoprotein cement' around the nematodes and aids their expulsion; broader effects during type 2 inflammation including immune regulation or tissue remodelling (Artis, [@ref4]).

Goblet cell-derived angiogenin 4 (Ang4) is another antimicrobial molecule with potential antihelmintic properties (D\'Elia *et al.* [@ref32]). Part of the RNase superfamily, Ang4 and members of the Ang4 family have been linked to toxicity towards gastrointestinal parasites (Hamann *et al.* [@ref50]). The expression of Ang4 is elevated in mice infected with the Edinburgh (E) isolate of *T. muris* compared with those infected with the Sobreda (S) isolate (D\'Elia *et al.* [@ref32]). Since the E isolate can be expelled by C57BL/6 mice, whereas the S isolate persists to a chronic infection, Ang4 was associated with expulsion of *T. muris* (D\'Elia *et al.* [@ref32]). Further research has shown that Ang4 is also more highly expressed in strains of mice such as BALB/c that are resistant to *T. muris* infection, compared with those that are susceptible to infection, such as AKR, and has been linked to IL-13 production (Forman *et al.* [@ref47]). Despite correlations between goblet cell-derived antimicrobials, such as the intelectins and Ang4, and the timing of worm expulsion, a definitive role for these molecules in the protective immune response to infection, rather than simply representing Th2 correlates, has not been shown and awaits the development of transgenic mice which lack these molecules.

In contrast, the availability of mucin-deficient mice has enabled clear statements to be made around the importance of mucus in worm expulsion. Mucins are gel-forming proteins that form the major component of the mucous barrier and are responsible for its visco-elastic properties (Thornton *et al.* [@ref106]). Firstly it was shown that the Muc2 mucin was upregulated only in mice resistant to *T. muris* infection, and that this correlated with worm expulsion (Hasnain *et al.* [@ref51]). Disappointingly however, Muc2-deficient mice were still able to expel the parasite and displayed unaltered Th2 responses (Hasnain *et al.* [@ref51]). These investigators observed that *de novo* expression in the large intestine of the Muc5ac mucin, which is normally expressed in the airway, stomach and eye mucosa, occurred only in resistant mouse models of *T. muris* infection and not in susceptible mice (Hasnain *et al.* [@ref51]). Subsequently, Muc5ac-deficient mice were infected with *T. muris* and found to be incapable of expelling the parasite, despite generating strong Th2 responses (Hasnain *et al.* [@ref52]). Furthermore, Muc5ac was able to directly decrease the ATP levels of *T. muris in vitro*, thus reducing parasite vitality. Remarkably therefore, the expulsion of *T. muris* seems to be critically dependent on the expression of a single type of mucin, Muc5ac, in the gut, possibly induced by Th2-type cytokines.

Effector cells {#sec7-2}
--------------

Th2-driven antiparasite immunity is associated with a caecal mastocytosis, eosinophilia and an elevated parasite-specific IgG1 and IgE. However, a central role in acquired immunity to infection for any of these classic features of helminth infection has been hard to show in studies which focus on the outcome of infection in the absence of each of these responses singularly. Following the ablation of IL-5, the cytokine responsible for the immunological control of eosinophilia, mice usually resistant to *T. muris* remained so, despite a significant decrease in gut eosinophilia (Betts and Else, [@ref20]). Although mast cells play key roles in the expulsion of some intestinal nematodes, such as *T. spiralis*, blocking the stem cell receptor, c-*kit*, which prevents the development of an intestinal mastocytosis, had no effect on the development of resistance in *T. muris*-infected mice. Furthermore, mice from a resistant background and lacking the Fc*γ* receptor, and thus deficient in any effector function requiring high-affinity IgG or IgE binding, were able to expel the parasite before it reached patency. Therefore, expulsion of *T. muris* does not critically depend on eosinophils, mast cells or mechanisms requiring antibody binding to cells via Fc*γ* receptors (Betts and Else, [@ref20]) although studies which deplete multiple candidate effector cells have not been performed. The availability of mice genetically deficient in eosinophils added rigour to the early studies. Thus, despite the presence of eosinophils in the MLN correlating with resistance to infection, (Svensson *et al.* [@ref104]), mice deficient in eosinophils (ΔdblGATA-1 mice) were still able to expel *T. muris* (Svensson *et al.* [@ref104]).

Macrophages are pleiotropic cells which are capable of converting between many different phenotypes, and therefore have diverse biological functions, including phagocytosis, the release of cytokines, antigen presentation and tissue repair (Noel *et al.* [@ref86]). The best characterized cells are the potently antimicrobial classically activated macrophages (CAM), induced by lipopolysaccharide (LPS) and the Th1 cytokine, IFN-*γ*, and which secrete nitric oxide (NO) (Zhao *et al.* [@ref120]). In contrast, alternatively activated macrophages (AAM) are thought to have a role in type 2 immune responses, such as those triggered by extracellular helminth infections including *T. muris*, as they are induced by IL-4 and IL-13 (Gordon, [@ref49]). AAMs produce factors involved in tissue remodelling, as well as increasing the fibrinogenic activity of fibroblasts (Song *et al.* [@ref103]) and promoting angiogenesis and wound repair in acute and chronic inflammation (Kodelja *et al.* [@ref70]). AAMs are characterized by their expression of arginase-1 (which out-competes inducible NO synthase, responsible for metabolizing arginine in CAMs), FIZZ-1/RELM-*α* and Ym-1 (Kreider *et al.* [@ref73]). Zhao *et al.* ([@ref120]) have recently shown that AAMs are involved in infection-induced hypercontractility of smooth muscle, and contribute to expulsion of some intestinal nematode infections (Zhao *et al.* [@ref120]). Implicated in immunity to *Nippostrongylus brasiliensis* and *H. polygyrus*, AAMs have yet to have a functional role defined in *T. muris* infection and this may relate to the unique niche within large intestinal epithelial cells occupied by this parasite. Indeed, Bowcutt *et al.* ([@ref22]) using a cell-specific targeting strategy, showed that arginase-1 deficiency in macrophages had no effect on resistance to *T. muris* infection (Bowcutt *et al.* [@ref22]). Interestingly however, large numbers of macrophages do infiltrate the gut following an infection with *T. muris*, and distinctly more accumulate in the lamina propria of resistant mice compared with susceptible mice (Little *et al.* [@ref77]). Taken together, this evidence suggests a possible arginase-independent role for macrophages, in the immune response to *T. muris*: a role which is not necessarily focused on immunity but also embraces mucosal healing.

THE QUEST TO FIND THE TH2 DRIVING FORCE {#sec8}
=======================================

The importance of a Th2 immune response in resistance to *T. muris* is unequivocal, however, it remains unclear how Th2 responses develop within the host. The upstream events in the induction of Th2 responses have been debated for many years ([Fig. 3](#fig03){ref-type="fig"}). Originally it was suggested that Th2 responses were a default response in the absence of Th1 inducing conditions, such as those provided by dendritic cell-derived IL-12. Following this, pathogen-associated molecular patterns (PAMPs) were thought to drive Th cell differentiation by binding to pattern recognition receptors (PRRs) on the dendritic cell. However, although, PAMPS which ligate antigen-presenting cells to induce Th1 responses are well established, any nematode PAMP that promotes Th2 responses remain elusive. The emerging field of innate cytokines and innate helper cells opened up a new framework of Th2 induction, with cytokines such as TSLP, IL-25 and IL-33 in the spotlight as factors conditioning antigen-presenting cells to drive Th2 responses. In the context of *T. muris* infection, however, mechanisms underlying Th2 induction remain unclear and likely involve multiple redundant roles for innate cells and the cytokines they secrete in promoting protective Th2 responses, as detailed below. Classically, dendritic cells are key players in determining the generation of Th1 or Th2 immune responses and therefore should be central in the immune response to *T. muris* infection. Surprisingly therefore, an essential role for the dendritic cell has not been established and indeed other innate cells have been put forward as key antigen presenting cells. Cruickshank *et al.* ([@ref26]) showed that dendritic cells infiltrate the large intestine significantly earlier in mice resistant to *T. muris* infection compared with susceptible mice, with this infiltration correlating with an increase in the epithelial-derived chemokines CCL5 and CCL20 (Cruickshank *et al.* [@ref26]). In contrast, recent data has demonstrated that CD103^+^ cells are not required for the expulsion of *T. muris*, as CD103^−/−^ mice are still resistant to infection (Mullaly *et al.* [@ref84]). Therefore, DCs may not be critical in the development of the anti-*Trichuris* Th2 response, although the role, if any, of CD103^−^ DCs remains to be investigated. Fig. 3.Developing models for the induction of Th2 responses following *T. muris* infection. (A) Originally, Th2 cell differentiation was thought to occur by 'default', in the absence of a Th1-inducing stimulus; (B) Moving forward, it was hypothesized that a Th2 pathogen associated molecular pattern (PAMPs) might drive Th2 cell differentiation by binding to pattern recognition receptors (PRRs), however, any nematode PAMP that promotes Th2 responses is yet to be defined; (C) Modern understanding suggests that endogenous factors, such as alarmins, tissue factors (e.g. TSLP) and cytokines act on DCs to drive Th2 priming. Furthermore, other cells such as eosinophils (EOS) and basophils (BAS) may also help to drive Th2 differentiation through secreting Th2-driving signals e.g. IL-25.

Basophil numbers are increased during helminth infection and, using eGFP/IL-4 reporter mice, they have been shown to secrete IL-4 which could promote the generation of protective Th2 responses (Min *et al.* [@ref81]). Perrigoue *et al.* ([@ref89]) demonstrate that basophils expressing MHC II are important accessory cells in the generation of Th2 responses to *T. muris* through direct stimulation of CD4^+^ T cells. These investigators show that the depletion of basophils during *T. muris* infection resulted in reduced Th2 cytokine responses but no significant effect on worm expulsion (Perrigoue *et al.* [@ref89]). Therefore, basophils could play a role in the protective responses to *T. muris* infection by contributing to the development of Th2 responses. NK cells have also been shown to have a potential supporting role in IL-13 production, as depleting this cell type causes a delay in parasite expulsion (Hepworth and Grencis, [@ref58]), however whether they are able to initiate Th2 responses is yet to be investigated, and is perhaps unlikely given IL-13 is not a polarizing cytokine.

The recent identification of 'alarmin' cytokines (IL-25, IL-33 and TSLP) produced by intestinal epithelial cells, as well as by immune cells such as macrophages, mast cells, eosinophils and basophils, has triggered studies exploring their role in Th2 responses to helminth infections. IL-25 is a member of the IL-17 family of cytokines and is known to induce IL-5 and IL-13 by an accessory cell population (Fort *et al.* [@ref48]). In 2006, experiments were carried out to show that exogenous IL-25 can induce resistance to *T. muris* in usually susceptible AKR mice, and also that this cytokine was important for reducing pathology during infection (Owyang *et al.* [@ref87]).

Recent work on the IL-1-like cytokine, IL-33, has demonstrated a role in IgE-independent induction of IL-13 from human and mouse mast cells, as well as the optimization of Th2 cytokine and chemokine production in these same cells (Ho *et al.* 2007; Iikura *et al.* [@ref61]). Additionally, IL-33 has been described as a chemo-attractant and potent inducer of Th2 cells, and can cause IL-13 dependent pathological changes in mucosal tissue (Schmitz *et al.* [@ref99]; Komai-Koma *et al.* [@ref71]). In the context of *T. muris* infection, IL-33 has been shown to be produced very early and have a dual role in providing the initial impetus for Th2 polarization and acting at the infection site in a T-cell independent manner to influence the gut tissue response to parasite invasion (Humphreys *et al.* [@ref60]).

Thymic stromal lymphopoietin (TSLP) is also implicated in resistance to *Trichuris* (Taylor *et al.* [@ref105]). Blocking TSLP signalling with anti-TSLP monoclonal antibodies or deletion of TSLP-R in normally resistant mice, resulted in decreased Th2 cytokine expression and a delayed *T. muris* expulsion (Taylor *et al.* [@ref105]). Furthermore, disruption of TSLP signalling caused increased levels of IFN-*γ*, IL-17A and IL-12/23p40 accompanied by exacerbated intestinal inflammation. TSLP, however, was not thought to be critical in the induction of parasite-specific Th2 immune responses as Th2 responses were still present in TSLP^−/−^ mice treated with anti-IFN-*γ* antibodies (Taylor *et al.* [@ref105]), but rather acted by limiting IL-12p40 production (Massacand *et al.* [@ref79]). Interestingly, in the latter study Massacand *et al.* highlight the differences between *T. muris* and other intestinal nematode infections, showing that *H. polygyrus* and *N. brasiliensis* differ from *T. muris* as they can directly inhibit host IL-12p40 through their excretory/secretory antigens and so bypass the need for TSLP (Massacand *et al.* [@ref79]).

Until recently NK cells were the only innate immune cell known to be derived from a lymphoid progenitor. The last 3 years, however, has seen the discovery of a family of innate lymphoid cells (ILCs), with some of these family members thought to be important in potentiating Th2 responses. Type 2 ILCs, also named nuocytes (Neill *et al.* [@ref85]), natural helper cells (Moro *et al.* [@ref82]) or innate type 2 helper cells (Price *et al.* [@ref95]) by their respective discoverers, are lineage negative, respond to IL-25 or IL-33 and produce Th2 cytokines. Original studies showed that type 2 ILCs are important for expulsion of *N. brasiliensis*, as mice lacking the IL-25 or IL-33 receptor had very few type 2 ILCs and could not effectively clear the parasite infection (Neill *et al.* [@ref85]). Further, adoptive transfer of the type 2 ILCs restored immunity to *N. brasiliensis* infection in an IL-13 dependent manner (Neill *et al.* [@ref85]). Whether the type 2 ILC plays a role in *T. muris* infection is yet to be determined. A similar lineage negative innate cell type, the multi-potent progenitor type 2 cell (MPP^type2^), which responds to IL-25 and IL-33, has also recently been discovered (Saenz *et al.* [@ref97]). Transfer of these cells to IL-25^−/−^ mice infected with *T. muris* was able to reverse the susceptible phenotype caused by lack of IL-25 (Saenz *et al.* [@ref97]). Therefore, type 2 cytokines released from MPP^type2^ cells may be important in promoting protective Th2 responses, likely acting by elevating levels of IL-13 locally in the gut. However, this area of research requires further exploration as the physiological relevance of transferring relatively large numbers of ILCs to mice where they exist as a rare lineage, even post infection, is unclear.

*T. MURIS* AND ITS RELATIONSHIP WITH GUT FLORA {#sec9}
==============================================

Around 10^13^ bacteria line the mammalian gastrointestinal tract and the large intestine is especially well colonized. Since this region of the gut is also the niche of the *T. muris* parasite it is perhaps not surprising that links between the parasite and host flora have been established. A recent study has shown that bacteria are critical for the hatching of *Trichuris* eggs, in a mechanism involving the interaction of bacterial type 1 fimbriae with the opercula poles of *Trichuris* eggs (Hayes *et al.* [@ref55]). Further, antibiotic treatment of susceptible AKR mice resulted in a dramatic reduction in the number of established worms at day 21 p.i., and these mice displayed increased Th2 responses (Hayes *et al.* [@ref55]). Colonization of the intestinal epithelium by the *T. muris* parasite is thought to damage the mucosal barrier. Such damage may potentially lead to leakage of low levels of bacterial products including LPS into the tissue (Helmby and Grencis, [@ref56]), thus generating a Th1 permissive environment via LPS-induced IFN-*γ* and hence influencing the development of resistance to the parasite. Such a hypothesis is attractive, as it explains the essential requirement for TLR4 in the development of a chronic *T. muris* infection (Helmby and Grencis, [@ref56]). Therefore, host flora may be a contributing factor not only in the parasite egg-hatching mechanism, but also in influencing the ability of the host to expel *T. muris*. Recently, newly obtained isolates of *T. muris* have been difficult to establish in laboratory mice (J. Behnke, personal communication). One explanation for this could be the difference in gut flora between wild and laboratory mice, with the flora of laboratory mice being less conducive to triggering the hatching of eggs of parasites freshly isolated from the wild.

WHAT LIES AHEAD ... {#sec10}
===================

Over the years, many important discoveries, concerning both immunity to gut-dwelling nematode parasites and our understanding of the immune system, have been made using the *T. muris* laboratory model. [Figure 1](#fig01){ref-type="fig"} shows a summary timeline of the key milestones in *T. muris* research. The knowledge and understanding gained from the animal model have translated to human Trichuriasis (Faulkner *et al.* [@ref46]), and other intestinal nematode parasite infections (Turner *et al.* [@ref107]). Indeed, human studies show correlations between Th2 responses (parasite-specific IgE; cytokines) and reduced worm burdens with increasing host age, supporting the mouse studies which describe a Th2-mediated resistance to infection. Further, there is no clear evidence in man linking susceptibility to infection with Th1 responses as seen in the mouse models, although high worm burdens correlate with reduced Th2 responses. In addition, the recent demonstration that the pathological, cellular and molecular changes associated with chronic *T. muris* infection correlate with those seen in human IBD (Levison *et al.* [@ref76]) may open up the use of this experimental system to understand IBD.

Despite a good and constantly evolving understanding of the host immune response to *Trichuris* infection, antihelminthic drugs are still the only treatment available in the field. However, drug treatment is less than ideal, as re-infection with the parasite is all too easy. Crude subcutaneous vaccination studies carried out in the 1970s, 1980s and 1990s using worm homogenate or excretory/secretory antigens revealed that vaccination can enhance resistance in resistant strains of mouse (Wakelin and Selby, [@ref101]; Jenkins and Wakelin, [@ref64], [@ref65]) and can protect otherwise susceptible strains (Else and Wakelin, [@ref40]). Robinson *et al.* ([@ref96]) explored this further considering the optimal route of vaccination to elicit protection and identified oral vaccination as a route via which to enhance resistance in some strains of mouse (Robinson *et al.* [@ref96]). Although the immune responses which accompany vaccine-induced resistance have now been described in detail (Dixon *et al.* [@ref34]), disappointing progress has been made towards the identification of target antigens to include in any vaccine of the future. Therefore, there is an urgent unmet need for research in this area.

We still understand little about the biology of the parasite. Apart from defining the conditions required for successful embryonation (Fahmy, [@ref45]) and the definition of the gut flora required for optimal egg hatching 56 years later (Hayes *et al.* [@ref55]), factors impacting on the lifestyle of *Trichuris* are not well understood. For example, we do not know how the parasite forms its syncytial tunnels and we know little about *T. muris* antigens and their roles in worm survival.

The significant investment in sequencing the *T. muris* genome (a current collaboration between Richard Grencis (University of Manchester) and the Wellcome Trust (Sanger Institute) using second-generation sequencing technologies should enable some of these questions to be answered, opening up new avenues of research, including the identification of antigens as possible vaccination targets.
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